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Abstract: Fabrication of self-reinforced polyethylene terephthalate (PET) has been achieved through
the in situ generation of PET fibrils via a spun bond process. The reinforcement fibrils created from the
PET with higher T, are made from a unique in situ processing method. As a result, the fibrils are well
dispersed and distributed in the lower T, PET matrix. The high degree of molecular similarity affords
perfect interfaces between the matrix and dispersed phase, leading to excellent stress transfer from the
matrix to the dispersed fibrils. While the extremely large interfaces from the nanofibrillation process
can maximize the advantage of the excellent molecular similarity of the self-reinforced polymeric
composites, few studies have been conducted to research nanofibrillar self-reinforced polymeric
composite systems. Hence, as a proof of concept, this work provides new insight into an approach for
developing a self-reinforced polymeric system with a nanofibrillation process. This process increases
the tensile strength of PET composites by up to 15% compared to composites made by a simple
blending process and 47% higher than neat PET. Furthermore, extensional viscosity measurements
show a strain-hardening behavior in the fibrillated PET composites not observed in the neat PET
and showed minimal behavior in un-fibrillated PET composites. The foam process results reveal
that the presence of PET fibrils in PET improves the expansion ratio as well as the cell density of the
PET composites. Specifically, compared to the PET composite foams without the fibrillation process,
fibrillated PET composite foams showed up to 3.7 times higher expansion ratios and one to two
orders of magnitude higher cell densities. In thermal conductivity measurements, fibrillated PET
composite foams achieved thermal conductivity of as low as 0.032 W/mK.

Keywords: self-reinforced composite; polyethylene terephthalate; fibrillation; spun bond; foam;
thermal conductivity

1. Introduction

Due to the high energy consumption in the 21st century, sustainable materials and
thermal insulation play important roles in alleviating heat waste by managing and using
energy efficiently [1]. The negative environmental impact of the continuously increasing
use of plastic and composite materials requires the promotion of new combinations of
materials with reduced environmental harm. In this crisis, self-reinforced polymeric
composite materials are an alternative approach to conventional heterogeneous polymer
composite systems, which limit the further application of the recycling process [2]. Self-
reinforced polymeric composite uses the same family of polymers in both the reinforcing
and the matrix phases. Unlike conventional composites, self-reinforced composites can be
completely remelted when their life as a product ends for recycling into polymer feedstock
which can be manufactured for future applications [3]. The advantages of self-reinforced
polymeric composite material include in addition to high recyclability, thermoformability,
high stiffness, and high tensile strength [4-6]. The high degree of molecular similarity in
self-reinforced systems allows for excellent interfaces between polymer phases, leading to
great stress transfer from the matrix to the dispersed phases.
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Since Capiati and Porter [7] initially developed a self-reinforced composite, the concept
of a self-reinforced polymer composite gained wide interest along with various polymer
materials such as polyethylene (PE) [7-9], polypropylene (PP) [10-13], polylactic acid
(PLA) [14,15], and polyethylene terephthalate (PET) [2,16,17]. Various processing methods,
such as hot compaction, film stacking, co-extrusion, and melting impregnation, are used
for manufacturing self-reinforced polymer composites [4,5]. The major issue with these
manufacturing methods is that when melting the matrix polymer during the forming
process, the reinforcement fibers tend to be damaged. In order to maximize the benefit of
the perfect interfaces of the self-reinforced composites, they need to be heated enough for
the interfacial bonding between the reinforcement and the matrix to be formed. However,
excessive heating causes the relaxation of fiber orientation, resulting in a decrease in
the reinforcement effect of the minor phase. While some studies [8,18,19] successfully
controlled a narrow temperature-processing window to fabricate self-reinforced polymeric
composites with limited versatility of the processing route, material sets that maximize the
melting temperature difference between the matrix and reinforcement phases are desired.

Herein, a commercial low melting temperature PET copolymer was used in order to
develop self-reinforced PET composites. In this work, we conducted the nanofibrillation
process using two PET resins with widely different melting temperatures to investigate
the effect of dispersed phase structure on mechanical and viscoelastic properties, which
led to improved foaming and thermal properties [20-22]. Numerous studies have shown
that the presence of flexible fibrils with a high aspect ratio creates supplemental improve-
ments to the solid and viscoelastic properties of a matrix polymer by forming an entangled
physical network structure [23-25]. Conventional methods for enhancing foam proper-
ties, such as crosslinking [26], introducing long-chain branching [27], and dispersion of
inorganic nanoparticles [28,29], may cause loss of recyclability and increase material costs.
Self-reinforced nanofibrillation technology, on the other hand, effectively improves the
melt strength and strain hardening behavior, which enhances foaming properties without
losing recyclability [30]. The result showed that it improves the tensile properties of the
solid composites and foaming ability, as well as thermal conductivity. To be specific, the
fibrillation process increased the tensile strength of PET composites by up to 15% compared
to the composites made with simple blending processes and 47% higher than neat PET.
Compared to the PET composite foams without the fibrillation process, fibrillated PET
composite foams showed up to 3.7 times higher expansion ratios and one to two orders of
magnitude higher cell densities. In thermal conductivity measurements, fibrillated PET
composite foams achieved thermal conductivity as low as 0.032 W/mK.

2. Materials and Methods
2.1. Materials

The matrix polymer employed in this study is copolymer PET elastomer (ePET) grade
(Hytrel 4056) received from Dupont, Wilmington, Delaware, USA with a melt volume-
flow rate (MVR) of 5 cm?®/10 min (at 190 °C/2.16 kg). For the reinforcement material,
homopolymer PET (hPET) grade (HOT) from Lotte Chemical, Seoul, South Korea with an
intrinsic viscosity of 0.78 dL/g was used. The melting points of the PETs were 152.0 °C
and 257.7 °C, respectively, as determined with differential scanning calorimetry (DSC). For
foaming experiments, carbon dioxide (CO;) was purchased from Messer Group GmbH,
Mississauga, Ontario, Canada with more than 99% purity for the physical blowing agents.

2.2. Polymer Blend Compounding and Spun Bond

The schematic of the spun bond process is shown in Figure 1. This equipment has
a 22 mm twin-screw extruder with an L/D ratio of 32. The screw rotation speed was set
to 100 rpm, and the airspeed was set to 45 m/s in this study. The throughput rate of
the extruder was measured at 14 g/min. The blends that passed through the twin-screw
extruder were transferred to a spinneret with 90 holes with a diameter of 600 um. The
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blends that passed through the spun bonding spinneret were drawn and fibrillated with an
intensive air flow blown through a drafter located 1.5 m below the spinneret [31].
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Figure 1. Schematic of the spun bond machine used in this study and post-process (hot compression).
All post-process were conducted under temperatures that do not affect the morphology of hPET in
the matrix.

Prior to the process, ePET and hPET were vacuum dried at 70 °C for at least 12 h.
Next, dry-mixed PETs with ratios of 100:0 (i.e., neat ePET), 99:1, 97:3, 95:5, and 90:10
were prepared. The hand-mixed PETs were then fed into the hopper of the twin screw
extruder. The temperature zone of the twin screw extruder was set at 240-260 °C as the set
temperatures gradually increased over the zones. The spinneret temperature was also set
at 260 °C. As a result of this spun bonding, the PET blend was drawn into microfibers at a
thickness of 30 um. Samples produced via this procedure will be referred to as F samples
(i.e., fibrillated domains of hPET) throughout the manuscript. Non-fibrillated blended
samples, as well as the neat ePET samples, were prepared with the same procedure but
without the air drawing to have an identical thermal history with the fibrillated samples.
The blended samples with no air drawing process will be referred to as S samples (i.e.,
spherical domains of hPET) throughout the manuscript. The composition and nomenclature
of the composites made in this process are elaborated in Table 1.

Table 1. Composition, nomenclature, and crystalline kinetic parameters of ePET-hPET blends.

Morphology of Matrix Minor Phase
Sample Name Minor Phase ePET Content hPET Content Tm (°C) T. (°Q) AH. (J/g) X. (%)
(Wto/o) (Wto/o)
ePET 100 0 152.0 121.7 8.12 6.91
1S Spherical 99 1 152.8 122.7 8.54 7.34
3S 97 3 153.6 123.5 8.93 7.83
55 95 5 154.1 124.1 9.11 8.15
10S 90 10 154.4 124.6 9.25 8.74
1F Fibrillated 99 1 153.9 124.1 12.70 10.91
3F 97 3 154.4 126.6 14.32 12.55
5F 95 5 154.9 127.0 13.46 12.05
10F 90 10 156.8 136.2 10.79 10.19
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Differential scanning calorimetry (DSC, TA Instruments DSC 200, New Castle, DE,
USA) was performed to analyze the crystalline behaviors of blended /fibrillated samples.
Each sample in Table 1 was compression molded at 180 °C for 3 min, then cut to 5-8 mg for
DSC analysis. During the heating process, the sample was heated to 180 °C to selectively
melt the ePET matrix while maintaining the minor phase. On the subsequent cooling ramp
to 30 °C with a cooling speed of 10 °C/min, the nucleation and growth of ePET crystals in
the presence of hPET minor phases were observed. The crystallinity (X.) was calculated as
the following equation:

AH,

Xe= ot
© Wrx AHY,

x 100 @
where, AH, is the enthalpy of crystallization, Wy is the weight fraction of ePET in the
composites, and AHY, is the inferred enthalpy value corresponding to the melting of
a 100 crystalline sample which was taken as 117.6 J/g [32]. The melt temperature (Tr,),
crystallization temperature (T.) and AH. measured by DSC and calculated X, of all samples
are elaborated in Table 1.

As shown in Figure 2, T, increased with the fibrillated minor phase ratios. For example,
the T, of ePET was 121.7 °C, but as the amount of the hPET nanofibrils increased to 10 wt%,
T, increased up to 136.2 °C. With the presence of the hPET nanofibrils, the ePET chains
were less mobile and formed into crystals earlier compared to the ePET without hPET or
with hPET spherical domains. Moreover, the heterogeneous nucleation area formed by the
large surface of hPET fibrils resulted in increasing the T,. It is noted from Table 1 that the
presence of hPET nanofibrils contributed to the enhancement of the ePET crystallization
due to the heterogenous crystal nucleation effect [33]. Specifically, the crystallinity of ePET
increased from 6.91% to 12.55% as the 3 wt% of the fibrillated domains of hPET was added,
whereas the same amount of the spherical domains of hPET increased the crystallinity of
ePET to 7.83%. However, the crystallinity of ePET decreased when the amount of hPET
nanofibrils increased further. This may be because the ePET chain mobility was restricted
by hPET nanofibrils [33].
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Figure 2. (a) The heating curves and (b) the cooling curves of DSC thermograms of the PET composites
after spun bonding. The green arrows indicate the locations of melt and crystallization temperatures.

2.3. Tensile Properties Measurement

The Xplore micro injection molder was used to make tensile test specimens (Type V
dogbones) according to ASTM D638. The as-spun fibers drawn from the spun bond process
were put in the machine barrel and melted for 3 min at a temperature of 175 °C. The barrel
with molten blends was placed in the equipment, and the blends were injected by the
piston into the pre-heated mold at a temperature of 110 °C with an injection pressure of
0.3 MPA. The pressure was held for 30 s to continue filling the mold during shrinkage while
the temperature dropped. The tensile tests were conducted using an Instron Universal
Testing System, Norwood, MA, USA (model 5965) with a tensile test fixture at a crosshead
speed of 5 mm/min. Tests were conducted 5 times for each sample.
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2.4. Rheological Behavior Characterization

Extensional viscosity measurements were performed using an ARES G2 rheometer
with a sentmanat extensional rheometer fixture (SER, TA Instruments, New Castle, DE,
USA). The samples were tested at strain rates of 0.1 s~ and an environment temperature
of 160 °C. To determine the linear viscoelastic properties, oscillatory shear experiments
were conducted using the identical rheometer and the environment temperature, with the
parallel plate fixture of 25 mm diameter. Frequency sweeps from 0.1 to 500 rad/s were
performed at strains within the linear viscoelastic range.

2.5. Foaming and Characterization

The foaming samples were prepared using a hot press with a size of 3 mm x 3 mm
x 10 mm. The foaming experiments were performed on a custom-made batch foaming
system at temperatures ranging from 142 to 158 °C. CO, was used as a physical blowing
agent. The chamber was pre-heated to a set temperature, and then the sample was placed
in the chamber. Then, the pressurized CO, from the syringe pump was injected into the
chamber until the pressure reached 13.8 MPa. The saturation time for each sample was
consistent for 15 min. Then, the pressure was quickly released at the pressure drop rate of
100 MPa/s. The chamber was then quenched with cold water to stabilize the foam structure
of the sample.

The expansion ratio (©) of each foamed sample was calculated from the ratio between
the density of the solid sample and that of the foam. A water displacement method based
on ASTM D792-00 was used to measure the density of the foam. To determine the cell
nucleation density (N), cell morphology, and cell size distribution, microscopy images were
analyzed by calculating the number of cells (1) in a certain area (A). The cell nucleation
density was calculated as the following:

NI

N:(%) X @ ?)

2.6. Characterization of Thermal Conductivity

A hot disk thermal constants analyzer (TPS 2500 S, Them Test Inc., Holmerskulle,
Sweden) was used to measure the thermal conductivity of foamed samples [34]. A sensor
of 1.5 mm diameter was used for the measurement. The TPS power output was set to 4 mW
with a test time of 4 s. The measurement was conducted 5 times for each condition.

3. Results and Discussion
3.1. Tensile Properties of Composites

Figure 3 shows the tensile stress—strain properties of fibrillated, spherical, and ePET
samples. Figure 3a plots the tensile stress—strain curves of the ePET, 3S, and 3F. The ePET
samples exhibited a strain of 520% with a tensile strength of 16 MPa. In contrast, 3S and 3F
showed significant plastic deformation before break, with a strain of 800%. This indicates
that the presence of hPET can greatly enhance the tensile ductility of ePET with further
plastic deformation before break. Furthermore, fibrillated hPET inside the ePET increased
the tensile strength more than spherical hPET [35]. From Figure 3b, it can be found that
the 3F exhibited enhanced tensile strength compared to 35 and ePET. Notably, the tensile
strength of the 3F is 15% higher than 35S and 47% higher than ePET. In Figure 3c,d, the
effect of fibrillated hPET ratios in tensile properties is displayed by exhibiting the stress—
strain curves and tensile strengths. Within the studied ratio of 5 wt%, the tensile strength
increased with the presence of fibrils with high surface area, improving the stress transfer
between the matrix and fibers. This is because dispersed hPET fibrils can effectively reduce
stress concentration and avoid crack generation and propagation. Fibrillations in the
composites, therefore, improved the ductility and toughness of the samples [36]. At 10 wt%,
as in Figure 3c,d, the sample may have been too stiffened, causing a decrease in strain and
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tensile strength. The tensile test results of S samples are plotted in the supporting document
(Figure S1).
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Figure 3. Tensile properties of the solid samples: (a) tensile stress—strain curve of ePET, 35S, and 3F;
(b) tensile strength of ePET, 3S, and 3F; (c) tensile stress—strain curve of 1F, 3F, 5F, and 10F; (d) tensile
strength of 1F, 3F, 5F, and 10F.

3.2. Rheological Properties of Composites

Figure 4a,b illustrates the extensional viscosity at extensional strain rates of 0.1 s~
under different minor phase morphologies and fibril ratios, respectively. A measuring
temperature of 160 °C was selected so the ePET melts but hPET domains remain in the
solid state during the experiments. The extensional flow behavior of ePET showed no
strain-hardening behavior, while the S samples showed minimal improvement (Figure S1).
In contrast, the F samples exhibited a pronounced strain-hardening behavior increase with
the weight ratios of hPET in the extensional viscosity measurements. Moreover, the strain
hardening can be tuned by controlling the fibril ratios. The magnitude of strain hardening
can be calculated [37,38]. .

e

X3 ®
where Y is the strain-hardening factor of the extensional flow and the 3%7(f) is the 3-fold
linear viscoelasticity. The strain-hardening factors of the data in Figure 4a,b were compared
in Figure 4c,d. We believe that this divergence of strain-hardening factors occurs due
to an entangled network structure formed by hPET fibrils. Under an extensional flow,
the network structure of hPET fibrils prevents the matrix from disentangling fast enough
to follow the deformation, resulting in strain-hardening behavior [39-41]. The physical
network may not be sufficiently developed when spherical hPET is in the matrix.
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Figure 4. Extensional viscosity of (a) ePET, 3S, and 3F; (b) 1F, 3F, 5, and 10F. The solid lines represent
the 37*(t) where 7 (t) is the growth curve of shear viscosity in the linear region. Strain-hardening
factor x of (c) ePET, 3S, and 3F; (d) 1F, 3F, 5F, and 10F.

Figure 5a illustrates the storage (G’) and loss (G”) modulus as a function of frequency
(w) for the ePET, 3S, and 3F. ePET exhibits the polymeric melt with liquid-like properties
that G” exceeds G’ over the studied frequency range. The 3S shows similar slopes of G” and
G” although the curves are higher. The 3F exhibits different rheological behavior, especially
at low w that G’ reach a plateau value, indicating a transition from liquid-like to gel-like
viscoelastic behavior. This resulted from the formation of a network of hPET fibrils in the
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Figure 5. (a) Frequency dependence of the storage (G’) and loss (G”) modulus for ePET, 3S, and 3F
samples at 160 °C; (b) Han Plots (G’ vs. G”) for all samples.

Figure 5b exhibits the G’ vs. G” curves for all fabricated samples. The slopes decrease at
low w as the minor phase ratio increases, and this trend is more pronounced with F samples.
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This is attributed to the increase in a percolated structure originating from the topological
interactions between the hPET fibrils. As the number of fibrils increases, more fibrils form
entangled network structures, and more solid-like behavior is exhibited. Spherical hPET
domains may not form as much network structure as the fibrillated domains.

3.3. Foaming and Foam Characterization

Foaming was conducted on the ePET, S, and F samples. In this manuscript, the
foams processed using S samples and F samples will be referred to as S foams and F
foams, respectively. Figure 6a shows the SEM images of the cell structure of the ePET,
3S, and 3F foamed at 150 °C. To quantify the cell density, the number of bubbles per
unit volume and the cell size distribution are analyzed in Figure 6b. It shows that over
the studied temperature range, the cell density of ePET and S foams ranged from 10° to
10° cell/cm?, and F foams ranged around 10°-107 cell/cm3. The 3F foams showed higher
cell densities than the ePET and 35 foams due to the presence of the fibrils of hPET, which
offer a large surface-to-volume ratio, making available heterogeneous surfaces [42]. The
strain hardening in an extensional flow observed from fibrillated samples also may have
influenced the cell density by suppressing the cell deterioration mechanisms. As a result,
lower cell size is displayed in Figure 6c.

= I
é 106 -g 50
g ; g
g I 230
2 10° + £
3 3 320
© ¢ ePET g

[—o—3S w10

[—o—3F

104 N —_— 0
140 150 155 160 50 100 150 200 250
Temperature ('C) Cell Size (um)

Figure 6. Characterization of the foam morphologies of foamed ePET, S, and F foams; (a) SEM
micrographs of the ePET, 3S, and 3F foams at foaming temperature of 150 °C; (b) cell density as a
function of the foaming temperatures; (c) cell size distribution for the foams generated at 150 °C.

Figure 7 illustrates the expansion ratio analysis of foamed samples. Figure 7a describes
the effect of minor phase morphology by presenting the expansion ratios of ePET, 3S, and 3F
foams over various foaming temperatures. Expansion ratios of the rest of the S and F foams
are plotted in Figure S2. The maximum expansion ratio increases of 3F Foams compared
to 35 foams and ePET foams is attributed to the increase in melt strength exhibited by
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the fibrils that prevent cell collapse during cell growth. In addition, the flow-induced
crystallization of ePET on hPET fibrils in the form of a crystalline layer during cell growth
may have contributed. Thus, a larger amount of CO, is maintained within the matrix, and
an expansion ratio increase has occurred [22]. In Figure 7b, the effect of F foam minor phase
ratios in foam expansion ratio over the foaming temperature range is investigated. The
expansion ratio increased with the ratio of fibrillated phase until it reached 3 wt%, which
is the optimum ratio over the studied minor phase ratio. At 5 and 10 wt%, the expansion
ratio decreased due to the stiffening effect.
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Figure 7. Expansion ratio characterization of the foam samples: Foam volume expansion ratios as
a function of the foaming temperatures of (a) ePET, 3S, 3F; (b) Foam volume expansion ratios as a
function of the foaming temperatures of ePET, 1F, 3F, 5F, and 10F.

3.4. Thermal Conductivity of Foams

Figure 8a plots the measured thermal conductivities of ePET, 3S, and 3F foam samples.
While ePET foams reached the thermal conductivity of 0.067 W/mK, 3S and 3F showed
lower thermal conductivities. Remarkably, thermal conductivity as low as 0.032 W/mK
was achieved with 3F foam with a process temperature of 146 °C. The lower thermal
conductivity of 3F may have come from the enhanced foam properties. Improved melt
strength and strain-hardening behavior of F foams exhibited higher expansion ratios
compared to S foams as well as ePET, which indicates more air contained in the foam. As
the thermal conductivity of air (0.026 W/mK) is lower than that of polymer, the thermal
conductivity of foams decreases as the expansion ratio increases.

Among the measured samples, each sample with an expansion ratio of 4 £ 0.2 was
selected and analyzed based on the three main heat transfer mechanisms: convection,
conduction (gas and solid phase), and radiation [20,21]. Convection can be neglected since
the cell size of the foams is below 4 mm and the Rayleigh number is far below the critical
value [20]. The thermal radiation portion can be calculated by subtracting the solid and
air phase conduction from total thermal conductivity (Figure 8b,c). The thermal radiation
amount and ratio in total conductivity decreased in the order of ePET > 3S > 3F. Specifically,
the calculated result showed that the ePET foams exhibited a thermal radiation portion is
0.026 W/mK, contributing close to 40% of the total thermal conductivity. On the other hand,
the thermal radiation of 3F foams was only 0.005 W/mK, with a 7% contribution to total
thermal conductivity. This may be due to the enhanced foaming properties of 3F. A higher
cell density generated by fibrils in the matrix creates a more distorted path for radiative
thermal transport [43]. Unlike the methods of incorporating inorganic additives to reduce
thermal radiation [44—46], self-reinforced PET composites with a nanofibrillation process
can achieve a great reduction in thermal radiation without lessening the recyclability.
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Thermal Conductivity (W/mK)

Radiation (W/mk)

In comparison to previously studied foams reported in the references (Figure 8d) [45-50],
F foams exhibited relatively low thermal conductivity, although they have lower expansion
ratios. Combined with the improved tensile strength of the composites (Figure 3), the
nanofibrillar self-reinforced PET composite foams can be applied in many applications
where excellent thermal and mechanical properties are required [51].
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Figure 8. (a) The thermal conductivity results of ePET, 3S, and 3F foams; (b) Thermal conductivity of
ePET, 3S, and 3F with a fixed expansion ratio of 4; (c) The calculated thermal radiation selected foams
and their contribution to total thermal conductivity; (d) The thermal conductivity of PET foams in
this work and other reported thermal conductivities in the literature [32-37].

4. Conclusions

An environmentally friendly strategy based on in situ fibril self-reinforced PET com-
posites was developed to fabricate strong and thermally insulating foams, and fibrillated
PET composites were produced using spun bond technology. Fibrillated morphology of
hPET in the ePET matrix improved the tensile strength compared to non-fibrillated and neat
ePET samples due to dispersed hPET fibrils that can effectively scatter stress propagation.
The fibrillated morphology also benefits the strain-hardening behavior, which leads to the
improvement of the foam properties. The network structure generated by hPET fibrils
increased the melt strength, reducing cell coalescence and retaining a larger amount of
CO; that contributed to more cell nucleation and growth. The improved thermal insula-
tive ability of the in situ fibril self-reinforced PET composites ascribed from the enhanced
foam properties exhibited low thermal conductivity due to their strong ability to attenuate
thermal radiation.

The developed fabrication represents a scalable, cost-effective, and environmentally
friendly method that is also strong, lightweight, and thermally insulating. Hence, nanofib-
rillated PET composites have potential applications in various industrial sectors that require
high mechanical strength and low thermal conductivity, such as construction and civil
engineering [51].
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